A B S T R A C T Intact
INTRODUCTION
Antibody-induced red cell agglutination is a complex phenomenon of general interest to cell biology and of clinical relevance in establishing compatibility for blood transfusion. Analysis of the hemagglutination reaction in the past has emphasized the role of immunoglobulin class (40, 50) , the effect of quantity of cell-bound anti-body (15, 41) , and the role of electrochemical effects both with respect to antibody binding and to the subsequent agglutination of antibody-coated cells (38) . More recently, however, evidence has been accumulating that suggests that freedom of translational mobility for membrane components is a fundamental property of cell surfaces (9, 45) . Red cell agglutination by interconnecting agglutinins can thus be viewed as requiring the aggregation or clustering of enough cell surface receptors on each cell to overcome the electrostatic forces of intercellular repulsion (34) .
The Rho(D) antigen is a lipid-dependent membrane protein (10, 11) , which ultrastructurally displays an aperiodic, relatively monodisperse distribution throughout the membrane (32) . Unlike the carbohydrate-bearing ABO antigens and those cell surface receptors studied with lectins, the dynamic behavior of the Rho-(D) antigen may be indicative of nonglycoprotein components of the red cell membrane. We have investigated the ultrastructural distribution of the Rho(D) antigen under agglutinating conditions and the effect of crosslinking on antibody binding and agglutinability of intact red cells. Our results suggest that Rho(D) antigen mobility is required for hemagglutination and that differing degrees of antigen clustering accompany hemagglutination, depending on the mechanism used to induce agglutination. A preliminary account has appeared (51) . METHODS
The preparation of ['SI]labeled anti-Rh0(D) has been described (28) . Glutaraldehyde (GA) 1 treatment of red cells. Freshly drawn blood in Alsever's solution was washed twice with 1: 10 phosphate-buffered normal saline (BNS), pH 6.5, and the cells were suspended at about 2% hematocrit in
BNS. An equal volume of the desired concentration of neutralized GA in BNS was then added and the cells were incubated for 5 min at room temperature. After the addition 'Abbreviations used in this paper: BNS, phosphate-buffered normal saline; BSA, bovine serum albumin; Con A, concanavalin A; DMA, dimethyladipimidate; Fer-HGG, ferritin-conjugated rabbit anti-human IgA; GA, glutaralde- (27) .
Immunoelectron microscopy. (Fig. 3a) . There is also a noticeable drop in ferritin particle density (average 236//Am2) after GA treatment. 53% of the clusters contained more than 10 ferritin particles, whereas only 16% had more than 10 ferritin particles/cluster in the unagglutinated cells. Fig. 4c shows the ferritin particle distribution on an Rh positive (R1Ri) red cell incubated with BSA to evaluate nonspecific staining by the conjugate. There were less than 700 ferritin particles/cell. Fig. 4d displays the ferritin particle distribution on an Rh-negative (rr) red cell stained with the ferritin conjugate after incubation with the ['lJI]IgG anti-Rho-(D) to evaluate the Rh specificity of the conjugate staining. The background ferritin particle value was less than 600/cell.
DISCUSSION
Our results show that the potential for redistribution of Rho(D) antigen sites and their topological arrangement play an important role in antibody-induced Rh hemagglutination. Stabilization of red cell membrane components by cross-linking reagents (GA and DMA) strongly inhibits or abolishes Rh agglutination, whether induced directly by IgG, or IgM anti-Rho(D), or indirectly by anti-IgG, without significantly affecting antibody uptake. Depending on the means used to induce agglutination, there was extensive or no redistribution of Rho (D) antigen sites into large aggregates on the unfixed agglutinated red cells. These findings support the conclusion that Rho (D) antigen mobility is a prerequisite for agglutination. (49) suggests that, contrary to earlier studies (38) , it may not be justifiable to attribute a primary role to the red cell zeta potential in Rh agglutination. Another possible explanation, which cannot be ruled out, is that the decreased agglutinability of GAand DMA-treated red cells is due to changes in the mechanical properties of the cross-linked red cells. Such cells show a general increase in cell rigidity, loss of membrane plasticity, and disk-to-sphere transformation. A more likely explanation, supported by the ultrastructural evidence for antigen clustering, is that GA and DMA treatment decreases agglutinability by restricting antigen mobility in the plane of the membrane. Spin-label studies on GA-treated membranes indicate that GA acts by restricting the diffusional mobility of membrane proteins while leaving lipid mobility relatively unaffected (22) . Moreover, GA apparently selectively cross-links the nonglycoprotein components of the human erythrocyte membrane (2, 48) . DMA also acts predominantly on membrane proteins (25) , but cross-links only the glycoproteins present in the membrane (20) . Thus Not surprisingly, the conjugate-induced clustering can be blocked by pretreating the red cells with GA before conjugate staining (Fig. 3a and c) (52) antigen mobility, but rather allowing the aggregation of normally mobile components of the membrane.
The role of albumin in hemagglutination is not fully understood and undoubtedly is complex. The conventional view is that it alters the dielectric constant, which results in a reduction of the zeta potential of the red cells (38) . Recent evidence, however, has questioned this interpretation and has challenged the role of zeta potential as a major determinant force in hemagglutination (49) . An alternative explanation is that albumin, like polymers such as neutral dextrans and polyamino acids, may act by serving as loosely bound cross-bridges between cells (21, 53) .
On the basis of the ultrastructural evidence presented in this paper, there appear to be two different mechanisms involved in antibody-induced hemagglutination. One, exemplified by cells agglutinated with IgM antibodies, protease modification of the red cell, and the antiglobulin reaction, involves the clustering of antigen receptors. The (7, 17) has, in fact, shown that the antiglobulin reaction is capable of agglutinating cells that contain only 100-500 molecules of cell-bound IgG.
Only a few ultrastructural studies have been concerned with the role of membrane fluidity in agglutination. While immunofluorescence techniques have been useful, only the resolution provided by electron microscopy is capable of revealing the dynamic behavior of discrete membrane markers. The paucity of electron microscopic evidence is, in part, due to technical difficulties in assessing antigen mobility in the plane of the membrane. Investigations of this type must be concerned with two-dimensional aspects of membrane structure. XWhile it is possible to reconstruct the surface patterns of membrane markers from thin sections, it is a tedious process and has not been used extensively. The problem can be approached more directly by the technique employed in this investigation or by freeze-fracture electron microscopy. Guerin Antigen Mobility and Anti-Rh Agglutination ticles. Nicolson has shown that con A-mediated agglutination of trypsinized 3T3 fibroblasts also is associated with aggregation of con A sites (33) .
Although the mobility and aggregation of ABO sites induced by agglutination has not been directly demonstrated, the movement of intramembranous particles that bear those antigens has been conclusively shown (37) . Part of the difficulty in studying the influence of antigen mobility in ABO agglutination is the large number of antigen receptors in the ABO system. While estimates vary (8, 36) , there are about one million A antigen sites per red cell. Clustering may be less apparent in the face of this heavy ABO site density than would be the case with the relatively sparse density in the Rh system.
